Introduction
that outcomes remain positive in these patients [3] . However, as no universally agreed guidelines exist for selecting transplant recipients, the point at which the risks outweigh the benefits is unclear.
One of the concerns when considering an older patient for transplantation is peripheral vascular disease (PVD), which is present in around 25% of patients with end stage renal disease [4] . In addition to a clustering of common risk factors, patients on dialysis often suffer from hyperphosphataemia and hypercalcaemia, predisposing them to vascular calcification [5] . PVD is used as a marker of coronary and cerebral artery disease; however, it has also been hypothesised that a transplanted kidney anastomosed to one of the iliac arteries may divert blood away from a previously under-perfused leg [6] [7] [8] [9] . This is a theoretical risk, but one that has not been fully explored in the literature.
Current practice in deciding suitability for transplantation varies between centres, but is primarily based on clinical history, examination and in selected patients, CT angiography [10] . With no evidence regarding the impact of renal transplantation on lower limb perfusion, it is unclear which pre-operative investigations are appropriate for these patients. Ultimately, with a lack of universal guidelines, patients with significant PVD may be excluded from the transplantation waiting list due to a non-proven risk. This is a pilot study, which aims to measure the impact of renal transplantation on lower limb blood flow using strain gauge plethysmography (SGP) and ankle brachial pressure index (ABPI) in an unselected group of renal transplant recipients.
Patients and Methods

Study population
All potential adult renal transplant recipients in a single transplant centre from 16 th January 2014 to 23 rd March 2014 were considered for inclusion in this prospective study. Written consent was obtained from each patient before inclusion. Those with previous lower limb amputation, a femoral arteriovenous fistula, calf circumference over 40 cm, significant intraoperative vessel damage or suspected/ confirmed deep vein thrombosis were excluded. These patients were excluded due to equipment limitations and patient safety concerns.
Ethical approval
Ethical approval was obtained from the West of Scotland Research Ethics Committee (REC reference number: 11/WS/0033).
Data collection
Collected data included age, sex, cause of renal failure, dialysis history, past medical history and smoking status. At the time of each measurement, weight, blood pressure and current medications were recorded, along with the size of strain gauge used for the plethysmograph. Any intraoperative or postoperative complications before discharge were also noted.
Measurement process
Patients were rested supine for at least ten minutes; with both legs exposed from the knee down. Plethysmography measurements were taken first followed by ABPI calculation.
Repeat measurements were taken between four and sixteen days postoperatively under the assumption that autoregulation would be complete by day four. The timing of the second measurement beyond four days was based on the patient's clinical condition. A single researcher carried out all measurements and analysis.
Strain gauge plethysmography (SGP)
SGP involves measuring the change in calf diameter when venous return is occluded at the distal thigh. As arterial inflow is still maintained, blood will fill the leg distal to the occlusion, causing the calf to expand at a rate proportional to arterial inflow.
A written protocol was devised before recruitment began, with reference to the plethysmograph manual and previous studies [11, 12] . This protocol was further optimised and validated in a cohort of six healthy volunteers.
After a ten-minute rest period, the first leg to be measured was elevated 27 cm by resting the patient's heel on a box and pillow. The hip was slightly externally rotated and the knee slightly flexed. Calf circumference was measured at the point of maximal girth and a strain gauge 2-3 cm smaller than this value was selected and secured around the patient's calf. Care was taken to ensure that the strain gauge leads did not overlap and remained parallel. The strain gauge was then connected to the plethysmograph (Hokanson EC6) and a rapid inflation cuff (Hokanson SC10D) was secured around the patient's distal thigh. A cuff inflation system (Hokanson E20/AG101) allowed instantaneous inflation and deflation of the cuff to a specified pressure. In this study, a venous occlusion pressure of 50 mmHg was selected. Hokanson NIVP3 software (version 5.29d) was used to record and interpret output from the plethysmograph.
Before taking measurements, venous capacitance was maximized by twice inflating the cuff for 45 seconds, separated by a 45 second period of deflation. During this time, the rate of calf expansion was subjectively assessed and an appropriate output range was chosen to give the best trace resolution. An ideal range setting would make use of most of the graph amplitude during the inflation time. Typically this was 0.2%. The NIVP3 software was triggered to record and the cuff was inflated for 8 seconds, followed by a deflation period of 14 seconds. The cuff was inflated and deflated a further two times so that each measurement was recorded in triplicate. An average of the three measurements was used to minimise bias and intraobserver variability.
Plethysmography analysis
After measurements were completed, analysis was carried out on each inflow curve ( Figure 1 ). The trace shows the percentage change in calf volume with respect to time. Each peak represents a heartbeat. To calculate the average rate of change, a calliper feature was used to draw a straight line between two suitable peaks, with the NIVP3 software automatically finding the maximal point of the peak. Percentage change is displayed in the form of %/min, equivalent to cm 3 of blood flow/100cm 3 tissue/min. This value is referred to as calf blood flow.
To account for confounding factors that could affect blood flow in both legs equally, the change in calf blood flow was calculated for each leg and then compared. To do this, the preoperative measurement was subtracted from the postoperative measurement so that a postoperative reduction in calf blood flow would give a negative number.
Ankle-brachial pressure index (ABPI)
ABPI is calculated by dividing the systolic pressure at each ankle by the highest brachial systolic pressure. Systolic pressures were measured using an 8 MHz handheld Doppler (Huntleigh SDII) and an aneroid sphygmomanometer (WelchAllyn). The measurement technique followed national guidelines [13] .
Statistics
Data were analysed using SPSS statistical software (version 21). Within subject variables were assessed for normality and then analysed using paired Student's T-Test. Values of p < 0.05 were considered statistically significant. Data are presented as mean ± standard error of the mean (SEM).
Results
There were 32 potential renal transplants in a single Scottish transplant centre between 16 th January and 23 rd March 2014. Twenty-seven of these patients were approached for inclusion. Six of the potential transplants did not proceed and two patients were excluded due to previous lower limb amputation. A further patient was excluded due to a postoperative nephrectomy. This left a cohort of eighteen patients with both preoperative and postoperative SGP measurements. During ABPI measurement, one patient was found to have non-compressible lower limb vessels. This left seventeen patients with preoperative and postoperative ABPIs (Figure 2 ).
Baseline characteristics
The mean patient age was 48.1 years (89.9% male). Median time on dialysis was 24 months and 11.1% had a previous renal transplant. Cadaveric transplantations made up 61.1% of total transplants (Table  1) .
SGP
There was no significant difference in calf blood flow between the leg ipsilateral to transplantation and the leg contralateral to transplantation, Pulsatile trace is representative of increasing calf volume. The caliper tool is shown connecting two peaks to give an estimate of the rate of volume increase. This is reported in the lower right corner.
ABPI
There was no significant difference in ABPI between the leg ipsilateral to transplantation and contralateral to transplantation either preoperatively or postoperatively (preoperative: 1. 
Discussion
The peripheral circulation is under dual control: centrally from the nervous system and locally through various chemical mediators. In normal situations, a balance of both these systems ensures that adequate blood flow reaches all peripheral tissues [14] . Resting blood flow through the femoral artery is maintained at around 400 ml/min, rising to over 2000 ml/min during times of increased demand [15, 16] .
The inability to adequately compensate for this increased demand is a key feature of PVD [16] . When a donor kidney is anastomosed onto one of the iliac arteries, it draws around 700 ml of blood per minute [17] . Given that limb perfusion deficits are rarely seen after transplantation in the absence of direct trauma, it is likely that autoregulation ensures distal blood flow is not significantly compromised. Potentially, in the presence of PVD, this may not be fully possible. The population in this study is made up of general transplant recipients, with only one patient having a confirmed diagnosis of PVD. Despite no apparent blood flow deficit in this cohort, it is still unknown if lower limb perfusion would be significantly compromised in a population with more profound PVD. In addition, flow measurements were obtained at rest. It is possible that a deficit would only become apparent in times of increased vascular demand, which would only be evident on post exercise testing.
The use of venous occlusion plethysmography was first described by Hewlett and van Zwaluwenburg in 1909 [18] . Apart from computerisation and the introduction of mercury-in-silastic strain gauges, the technique has remained essentially unchanged. Withinsubject reproducibility has been assessed by several groups, with a reported variation coefficient of between 11% and 15% [11] [12] 19] . Calf blood flow measured by SGP has been shown to correlate strongly with femoral blood flow measured by both Doppler ultrasound [11, 20] and direct limb perfusion via cannulation of the femoral artery and vein [21] . It is considered to be a reliable and accurate measure of blood flow to the extremities.
ABPI is a simple, non-invasive and inexpensive method of diagnosing arterial insufficiency in the lower limbs [22] . In healthy individuals, systolic pressure tends to be higher at the ankles, with a normal ABPI range in the supine position of 1.0-1.2 [23] . This is due to differences in the downstream vascular beds [24] . The ABPI of patients with intermittent claudication is around 0.5-0.8 while Potential transplants (n = 32)
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Transplantation did not proceed (n = 6) Lower limb amputation (n = 2)
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Pre-and post-operative measurements taken (n = 18) those with critical limb ischemia have an ABPI of less than 0.3 [23] . An exception to this is when patients have extensive calcification of their vessels that renders them non-compressible, resulting in an abnormally elevated ABPI above 1.3 [25] . The reproducibility of ABPI has been reported as between 9 and 21% [26, 27] . It has been shown to be in independent risk factor for PVD (as proven by angiography) and cardiovascular mortality [25] . This is the first study to measure at rest the impact that renal transplantation has upon lower limb perfusion in a general transplant population. The prospective nature and wide inclusion criteria provides an accurate representation of this centre's current transplant recipient population. Lower limb perfusion was measured using two separate techniques and inter-observer variability was removed by using a single researcher for all measurements and analysis. Despite renal transplantation being an intricate and fast moving area of surgery, this study has shown that it is feasible to undertake a noninterventional study in the perioperative period without negatively impacting on the patient's clinical journey.
Twenty-seven patients were recruited into the study, eighteen of which progressed to successful transplantation. A number of potential recipients did not proceed to transplant, mainly because potential recipients are admitted on notification of a potential donor. This helps reduce cold ischaemic time, but may result in unnecessary hospital admission if the donor is found to be unsuitable.
A post-hoc power calculation showed that with eighteen patients our study would have the power to detect a flow change of just under 50%. Undertaking a formal sample size calculation before recruitment was not possible due to the absence of any previous studies of this sort in renal transplantation. For withholding transplantation to be justified, a limb threatening reduction in perfusion should be demonstrated. Critical limb ischemia generally requires an ABPI reduction from normal to 0.3. We therefore believe that any reduction in blood flow of a magnitude able to cause ischemia would have been apparent with a cohort of this size.
From the currently available literature and the work carried out in the present study, we believe that it is unreasonable to exclude patients from renal transplantation solely on the concern of a postoperative reduction in lower limb blood flow. We have demonstrated that it is possible to undertake such a study, and have shown that an unselected group of transplant recipients are not negatively affected. Future research should focus on targeting the population of transplant recipients who have established PVD, ideally identifying these patients while they are on the waiting list. Scottish guidelines suggest that a resting ABPI < 0.9 be considered abnormal [13] and several clinical studies have shown a cut-off point of 0.9 to be highly sensitive and specific of angiogram proven disease [28] . We propose that a study of similar methodology to the present study be carried out in patients with a resting ABPI < 0.9. To achieve the required numbers, recruitment would likely take place over an extended timescale and in multiple centres.
In conclusion, this study has found no evidence that renal transplantation has any significant impact on resting lower limb perfusion, as measured by SGP and ABPI, in a representative population of renal transplant recipients. 
